Are excitons involved in lasing in ZnO nanowires or not? Our recently developed and experimentally tested quantum many-body theory sheds new light on this question. We measured the laser thresholds and Fabry-Pérot laser modes for three radically different excitation schemes. The thresholds, photon energies, and mode spacings can all be explained by our theory, without invoking enhanced light-matter interaction, as is needed in an earlier excitonic model. Our conclusion is that lasing in ZnO nanowires at room temperature is not of excitonic nature, as is often thought, but instead is electron-hole plasma lasing.
Theories that predict the electronic structure of semiconductor crystals on the single-particle level have been instrumental in the understanding of the electrical and optical properties of most semiconductor systems, including semiconductor nanostructures. However, for semiconductors with high doping or under conditions of strong excitation, the effects of band-filling and carrier-carrier interactions become prominent and a description on the single-particle level often fails. In those cases, the solidstate band theory has to be complemented with many-body interactions for a better understanding [1, 2] .
A prime example is room-temperature lasing of ZnO nanowires. Here, it has often been stated that the lasing is due to scattering processes that involve excitons, at least, if the excitation intensity is not too far above the laser threshold [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] . Excitons are hydrogen-atom-like electron-hole pairs, bound by the Coulomb force. The idea is that excitons, which are known to play an essential role in lasing in ZnO at cryogenic temperatures [15, 16] , survive at room temperature, because their binding energy is 60 meV, considerably larger than k B T (25 meV). For increasing electron-hole pair density, screening reduces the Coulomb attraction, and therefore also the fraction of excitons. Above the so-called ''Mott density,'' excitons cease to exist, and the charge carriers form an electronhole plasma. Indeed, in case excitation is far above laser threshold, lasing is claimed to make a transition from excitonic lasing to electron-hole plasma lasing [4, 6, 7, 9, 11, 14] . On the other hand, Klingshirn et al. [17] argue that excitons are probably not involved in most cases of room-temperature lasing in ZnO, even not just above threshold. Many-body theory should solve this longstanding problem.
Recently, we developed a quantum many-body theory to describe the optical properties of a high-density interacting electron-hole gas in ZnO [18] . It was successful in explaining the light reflection from macroscopic crystals of ZnO at room temperature at various excitation intensities [18] , as well as stimulated emission from preformed electron-hole Cooper pairs at cryogenic temperatures [19] . Using our theory, we calculated that the Mott density in ZnO equals 1:5 Â 10 24 m À3 at T ¼ 300 K, and we argued that this is a more accurate result than was obtained by others. This value was confirmed in a pump-probe reflectivity experiment by the gradual disappearance of the exciton resonance when passing this electron-hole density [18] . In this Letter, we use the same theory to determine the laser mechanism in ZnO nanowires at room temperature. We compare the theory with experimental results, where we excited ZnO nanowires in three radically different ways. Our results consistently show that room-temperature lasing in ZnO nanowires occurs in the electron-hole plasma regime. Moreover, many-body theory can excellently explain the observed laser threshold, the photon energy of the laser emission, and the spectral spacings between the laser peaks.
The usual method of exciting a ZnO nanowire is by a laser pulse. The electron-hole density in the wire can be calculated from the time-dependent pump intensity IðtÞ inside the nanowire. For a Gaussian pulse we have IðtÞ ¼ Fe Àt 2 =ð2d 2 Þ =ð ffiffiffiffiffiffi ffi 2 p dÞ, where F is the fluence (in J=m 2 per pulse) inside the nanowire, just behind the surface, and d is 1= ffiffiffiffiffiffiffiffiffiffi 8 ln2 p times the pulse duration (full width at half maximum). We distinguish three different pump schemes: (1) Direct excitation with nanosecond pulses at photon energies higher than the band gap. Here, the electronhole density reached depends on the carrier decay time. For a nanowire oriented perpendicular to the propagation direction of the excitation light, the time-dependent average electron-hole density in the nanowire follows from the rate equation
where @! is the photon energy and D is the diameter of the wire. We assume here that the wire diameter exceeds the penetration depth of the pump pulse (50 nm), so that virtually all photons entering the wire are absorbed.
(2) Excitation with femtosecond or picosecond pulses at photon energies higher than the band gap. This excitation method has the advantage that carrier decay during the pump pulse can be ignored, so that the electron-hole density can be determined more accurately. For the same perpendicular nanowire orientation, the average density in the wire after the pump pulse is simply given by
(3) Excitation with high-intensity femtosecond pulses at photon energies below the band gap via two-or threephoton absorption. In this method, the excitation profile is homogeneous, due to a long penetration depth. In case of three-photon absorption, the electron-hole density is to be calculated from
where 3 ½IðtÞ is the intensity-dependent three-photon absorption coefficient. Using these equations, we computed the electron-hole pair densities at the laser threshold from the pump fluences given in the literature. On the basis of reported carrier and exciton lifetimes in ZnO below the laser threshold [20] [21] [22] [23] [24] [25] [26] , and our pump-probe reflectivity results [18] , we took ¼ 400 ps for the carrier decay time, and for 3 ½IðtÞ we took the values as reported in Ref. [18] . We find that the vast majority of reported laser thresholds [5] [6] [7] [8] [9] 12, 13, [27] [28] [29] [30] [31] [32] actually lie above the Mott density, between 1:5 Â 10 24 m À3 and 1:5 Â 10 26 m À3 . Only one group reported a lower threshold [3, 4, 24] . This indicates that, at least for the majority of cases, room-temperature lasing in ZnO nanowires does not involve excitons. Parameters affecting the laser threshold are the nanowire dimensions [13, 33] , the quality of the nanowire, which is strongly dependent on the growth conditions [34] , and the substrate supporting the wire [35] .
The first aim of our experiment is to determine the electron-hole density at the laser threshold as reliably as possible, by using the three different pump schemes as described above. We excited ZnO nanowires by 5 ns 355 nm pulses from a 50 Hz Nd:YAG laser, and by 120 fs 267 nm and 120 fs 800 nm pulses from an amplified 1 kHz Ti:sapphire laser. For one nanowire we used 10 ns 349 nm pulses from a 1.6 kHz Nd:YLF laser.
We performed extensive measurements on ten nanowires [36] , with lengths varying between 4:8 m and 23:5 m. The laser thresholds densities are summarized in Table I . For the wires B, G, and H, where different excitation methods could be applied, we obtained roughly the same threshold densities, supporting the consistency of our determination of the electron-hole density inside the wires. Clearly, all determined threshold densities are far above the Mott density (1:5 Â 10 24 m À3 ), from which we conclude that the lasing we observe, occurs in the electronhole plasma regime.
As an example, Fig. 1 shows images of nanowire G and emission spectra just above the laser threshold. On this wire, we used 5 ns 355 nm, 120 fs 267 nm, and 120 fs 800 nm excitation. Calculation of the laser threshold density from the pump fluence, using Eqs. (1)-(3), yields for all three methods roughly the same value of 2 Â 10 26 m À3 . The peak at 3.10 eV originates from second-harmonic generation of 800 nm light [37] . The relative emission intensity of 120 fs excitation compared to 5 ns excitation agrees with a carrier decay time of about 400 ps.
The observed electron-hole densities and laser emission photon energies at the laser threshold can be accounted for by our many-body theory [18] . Optical absorption and refractive index spectra of highly excited ZnO are calculated by deriving and subsequently solving the statically screened Bethe-Salpeter ladder equation for an electronhole gas interacting with an electromagnetic field. Calculations were performed for polarization perpendicular to the c axis of the ZnO crystal, which is the polarization of light propagating through a ZnO nanowire. Negative absorption, i.e., gain, appears at n ¼ 2 Â 10 25 m À3 [ Fig. 2(a) ]. This electron-hole density is in good agreement with the laser threshold densities specified in Table I , given the fact that waveguide losses and transmission losses at the wire end facets increase the laser threshold to a somewhat higher level. For nanowires with defects, the laser threshold is further raised. All gain in the theory results from stimulated emission by an inverted electron-hole plasma. In some cases in the literature the threshold density is between 1:5 Â 10 24 m À3 and 2 Â 10 25 m À3 . Here, gain is probably due to an electron-hole plasma in which carrier-carrier and carrier-phonon collisions contribute to the stimulated emission, as discussed in Ref. [17] . These effects are not included in our theory. We note that the actual gain is lower than the theoretical values given in Fig. 2(a) , as a result of damping and losses, depending on the quality of the wire under investigation. Recently, Richters et al. [38] measured the modal gain spectrum of a single ZnO nanowire and found a maximum of 0:4 m À1 at 3.24 eV. The laser emission photon energy of a ZnO nanowire at room temperature is typically about 3.2 eV, as can be seen, for example, in Fig. 1 . According to the theoretical absorption spectra [ Fig. 2(a) ], the theoretical emission photon energy at the laser threshold equals 3.23 eV, close to the experimental values. For stronger excitation, more laser peaks show up in our experiment, both on the low-and high-energy sides. In agreement with this, the theory shows a broadening of the spectral range where gain occurs. When comparing experimental data with theory, one must realize that the precision of the theoretical calculation of the band-gap renormalization is limited, and that the variation of the electron-hole density in time, and possibly also in space, affects the lasing behavior.
The observed positions of the Fabry-Pérot laser peaks can be explained from many-body theory by computing the dispersion relations of light inside a ZnO nanowire. A ZnO nanowire acts as a small cavity for light. For a rectangular wire with dimensions L x , L y , and L z , the wave vector k obeys
, where m i is a positive integer. For a wire with a diameter of about 200 nm, the laser mode is the lowest transverse electric mode, the TE 01 mode [10, 13, 33] , in this model the mode with quantum numbers m x ¼ m y ¼ 1. This confinement of light between the end-facets of the wire leads to lasing at several Fabry-Pérot peaks. The spacing between the peaks is determined by the length of the wire and the slope of the dispersion relation. The dispersion relation between the photon energy and k z , the wave vector in the direction of the wire, is given by
where n 0 ð!; nÞ is the frequency-and density-dependent real part of the refractive index of ZnO, which is computed in the many-body theory. The laser peaks of a nanowire correspond to subsequent values of m z . Dispersion relations for a 200 nm thick nanowire are shown in Fig. 2(b) . At low electron-hole densities we recognize a damped exciton-polariton dispersion relation. We stress that this result is obtained from first principles, not by modeling n 0 ð!; nÞ by a Lorentz model. One argument for excitonic lasing, used in Ref. [10] , is that the spacing between the observed laser peaks is consistent with the exciton-polariton dispersion relation. As an example, a fit was shown in Ref. [10] for a lasing ZnO nanowire of about 170 nm in diameter and 5 m in length. The agreement is, indeed, very good. However, damping was neglected, and a 5 times stronger light-matter coupling than in bulk ZnO was required to fit the data with the Lorentz-type exciton-polariton equation. The experimental results of Ref. [10] , however, can be equally accurately explained by our many-body theory, without the introduction of any additional features. Comparing the measured laser peaks with our theoretical dispersion relations for a diameter of 200 nm, close to that determined from scanning electron microscopy, we find that there is a very good fit at n ¼ 2 Â 10 25 m À3 [ Fig. 2(b) ], which is clearly above the Mott density. Damping is taken into account in our theory. More importantly, the light-matter coupling inside the nanowire is taken equal to the bulk value and is a fixed parameter in our theory.
Unfortunately, we have no direct access to the absolute values of k z from the Fabry-Pérot modes. Known are, however, the photon energies of the laser peaks, and, via the length of the wire, the difference in k z between subsequent Fabry-Pérot modes. Fitting the experimental data to theory is by moving the squares in Fig. 2(b) in the horizontal direction until the best match with a dispersion curve is found. Note that not only the slope of the dispersion curve at n ¼ 2 Â 10 25 m À3 , but also the bending around 3.2 eV, excellently fits the experimental points. In contrast, the exciton-polariton dispersion relations at densities below the Mott density in Fig. 2(b) cannot fit the experimental data at all, without the introduction of extra parameters.
In our own experiments, we find a regular spacing between the laser modes in the spectrum for most nanowires. The experimental results for several of these nanowires are presented in Fig. 3 . In Fig. 3(f) , the spectral positions of the measured Fabry-Pérot laser modes are fitted to the theoretical dispersion relations. For nanowires A, I, and J there is a good fit with the dispersion relations that were calculated at the threshold densities (Table I) . For nanowires C and D a good fit is obtained below the experimental threshold densities, but still far above the Mott density. This deviation is probably due to the large angle between the nanowire axis and the polarization of the 800 nm excitation light: 83 for nanowire C and 77 for nanowire D. We observed for several wires that the emission is stronger for 800 nm excitation polarization parallel to the wire, than for polarization perpendicular to the wire. As an example, Fig. 4 shows results for nanowire I. A similar polarization dependency for the case of two-photon absorption was observed before [39] . An explanation for this phenomenon can be found in the work of Wang et al. [40] , who showed that for excitation fields polarized perpendicular to an InP nanowire, the electric field inside the wire is attenuated, while it is not reduced for polarizations parallel to the wire. Such an attenuation would reduce the three-photon absorption in wires C and D. The actual threshold density of these two wires is therefore probably lower than the values stated in Table I .
Fitting the measured laser modes to theory yields the mode numbers m x , m y and the absolute values of k z and thereby the mode numbers m z of the measured laser peaks, as indicated in Figs. 3 and 4 . Only for the 460 nm thick nanowire A we find m x ¼ m y ¼ 2. We further observe [ Fig. 3(a) ] that each of the three peaks actually consists of two laser modes, from which it can be concluded that lasing in nanowire A is probably also mediated by laser modes with other quantum numbers.
In conclusion, lasing in ZnO nanowires at room temperature is electron-hole plasma lasing. Only when special measures are taken to lower the laser threshold, such as mirrors at the ends of the wire, excitonic lasing might become possible [41] . Resonant excitation of excitons, perhaps via two-photon absorption, might be another possibility. Our many-body theory, based on first principles, predicts laser thresholds and laser spectra in excellent agreement with experiments. Theoretical dispersion 
FIG. 4 (color online)
. Emission spectra of nanowire I for different angles between the polarization of the 800 nm pump pulse and the nanowire axis.
